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Detection of nonmetallic inclusion in high-strength gear steel with high cleanliness

XIAO Na", HUI Wei-jun"®, ZHANG Yong-jian", ZHAO Xiao-li", CHEN Ying®

1) School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing 100044, China
2) Central Laboratory, Central Iron and Steel Research Institute, Beijing 100081, China
X Corresponding author, E-mail: wjhui@bjtu.edu.cn

ABSTRACT It is well known that large-sized nonmetallic inclusion seriously affects the mechanical properties of high-strength steels,
particularly the fatigue properties. Therefore, significant efforts have been made to enhance the fatigue properties of gear steels by
improving the cleanliness and, thus, reducing the size and the number of inclusions in steels. However, an effective inclusion inspection
method is particularly important because of the relatively low-rate emergence of large-sized inclusions in highly clean steels. Herein, a
new inclusion inspection strategy was proposed using a properly hydrogen-charged tensile specimen combined with the application of
the statistics of extreme value (SEV) method, which can be used to conveniently and reliably estimate the maximum inclusion size in any
volume of high-strength steel and its fatigue strength. A commercial heat of 20Cr2Ni4A gear steel with high cleanliness was used to
verify the proposed method. Standard tensile specimens were quenched, tempered at low-temperature, and then properly charged with
electrochemical hydrogen. It is found that there were many embrittled platforms, generally with large inclusions on the fracture surfaces
of the specimens after normal tensile testing because of the trapping of the charged hydrogen around inclusion and the occurrence of
hydrogen embrittlement. The size, composition, and distribution of these inclusions can be analyzed using a scanning electron
microscopy, thus, the maximum inclusion size can be predicted using the SEV method. To verify the accuracy of the proposed method,
additional inclusion rating methods of conventional optical metallographic observation and high-cycle fatigue testing were conducted.
Using the proposed method, it was confirmed that the predicted maximum inclusion size and fatigue strength are consistent with that
obtained via the rotating bending fatigue test. Therefore, the proposed method is a promising, efficient, and reliable for use in high-

strength steels with high cleanliness to inspect the maximum size inclusion and predict fatigue strength.

& B #: 2019-07-15


mailto:wjhui@bjtu.edu.cn
mailto:wjhui@bjtu.edu.cn
mailto:wjhui@bjtu.edu.cn
mailto:wjhui@bjtu.edu.cn
https://doi.org/10.13374/j.issn2095-9389.2019.07.15.005

FOIRAE T I A A Al e e A W B A 7 i

- 913 -

KEY WORDS assessment of the maximum inclusion size; hydrogen embrittlement; statistics of extreme value method; gear steel;

high cleanliness steel

WHAVEN Z LR G h b AT D B f% 38 3l 1 1Y
BUBCER 1, 78 MR AR Aok 8 v Ak 52 5 25 it | L% A4 fi
S TR R AR A, DRI T I 982 57 9% R0 B AR . A
FEE R, 50 R AOE 3 32 R e 57 W 240,
JF HA RO KA AR 4 )8 Je 22 W S5 B BA A1 R 1A
AR B SR O R I A R B v R, LA
IR 42 8 e 22 W 10 R 5 400 AT DU R AR
9 55 FBCN T AR | HRE % 57 A, NI B PR T
KA 57 PERE B — S OCREPL. ARk, A RN
T AR, 1558 00 3 v B KRN g &, B Al
b A A A S AT R I AE 107 LUR, X fH A5
A rh I e S R AR TR KT ORGSR, HR
T 2 B WA . R A AL b sl KA
BESESZ MR, AN AT AT BE AR R Y e 22 1, AT ™

S 15 5 A% o7 PEREY). PR T R I v R
RS e 25 ) 8 I R ARAR, R B 43 B ik
T4 AH 32 R 7 I A I A A AR M A ) 2
W, 3 G Y O R VAR AN A Hh e e i B RS
TESL . o34 KAk 27 153, 4R )2 A R K e 4 4 sk
AR A O i

18 58 0 R 4 @ I 22 W VTAN 7 vk, a0 4 A PE 9
W BT I & B B ASPEX 3 (Je 441 F 3h 4
B RGN, BT WS BB A — 8 &
32 ST, DT TG 3 R UE I W 1) e A By R RS
(1) fe KCIAT, B0 A0t AR X & B i A7 A 1) R R 3k
2, B ARG 45 5K — et /NP AR R AR T —
SLHT ) Je 2 MR I O i, B ARG o AR I 2k (e
RGN R AR AT X SR R AT AN ) | e A
PRI (b i R e s il ) | e e vk dn vk (8
TR R AN IR AT ) | 99 95 10 1k SR (B
45 11 1= ( Statistics of extreme value, SEV) & & 11712],
XLy vk A A LBk A, e Ze e 4 v HaE H T
for AR R A AN R AE , 55 A K e Ze W $E B 2 5 T
B 5 e 2 W AE R RE v A A A U S 4 R
J5 v AR AT R AR B R B9, 55 4% Ge kel Oy i
A ECREAR T 8 2ok R RS 35 e Ay i g%, (32
TC ARG I 2 AR EAS I 4 Hh ROST /N T 100 pm 1Y e
Y, 3 HAS GRAR 47 M DX 23k B 248 0™, 9% 55 1050 75
I FH e o A v/ v R 9 55 T AR A A 2 T
FE e KRS e 2 Wy Ak 09 R AE, DT BT 3F 0 4 v
Al 4 I Je 2 tY, % 05 v B AT EIA O 2 3RS
O K e 2 ) RS 1 — B B ol WIS B 5 AR T

HRAGIS AT e Z R YE B, T BT R E g
75, L2 T AR 2 K 8 I R RN A L 3
Fujita 1 Murakami " A Jy X T4 fF =447 HV W) /5
588 5 B9 T LUR) 3 S AR DA e 2 A ki S5k
— G AT A Je 2 ) ROSE (9 TTAT, I o 2 )
1 G2 113 w] Al B34S [a] A BN v i g K e 22 R
S TN AR TR T 95 15k A Ry L R I
] @, i HL TR AR AR e 22 g RE . (R
KT 9% 55 g 45 A, — AP 0 - Hiag1s 2
— M E R W R I AW E B, B TR
L, O HLICH AT B I 2 W7 0 v 18 40 A A L
St LAAZ T 1380 5 B it — 20 1 56 .

FF UL 58, AR SC L Tl AR 7= i — B s i
14 JZ 20Cr2Ni4A i 58 B BIF SR G, $2 10 T —Fh
HERA . 7 . 2T M DAl R R A R KR 4 R
e Z Wy 0 7 1, 0T I AR B R AR R AT S
M BRAER A, BT E WS EI Y H B E
A, T AE P AR b Al 4 s e 24 JH R AR R
WA MG, T IR Sefiid oy i, Bz r kvl
AME PR L. R 7 ik R e R v T
AT DAV 3N R RS e 225 b ob, i T LA 3] e
FWAEWT 1T B B o3 A Sl O, 454G SEV kAT
R h i R I 28 M RGE . BRI, i AN Y
A6 4 Jo f 4 ) i AR T 5 0 B ARAR i, TR By
HE— 25 THOIN AN A0 9 25 5 B HR L T A

1 SEWMBKETTE

1.1 SEIE#F#Y

SEIGRE A Tl A2 72 1 20Cr2Ni4A i 58 84 1 A1
(¢80 mmx1000 mm), H: AL~ p o3 4N 3 1 frs. IR
AR A AT 5.02x10° mm®. B SRR R Bk i
A o16 mm A 5 #% (BicdB T2 0 mAE] 1220 C £
IR 2 h, FRBEIREE KT 1200 °C, ZARIR BE KT 900 °C,
G 2598 )5 BRI 7l Ja S i 0 TR A7 v i ok
b CmRE] 670 CIAE ShEEY); E, &
880 “Cx45 min 1 ¥E+200 °Cx2 h K [7] K 4b 355 4
T TR fE R AR AR, Qi 1 s, 1 R h A
X RE 1) R T A AR B Vg = 7rd(2)L0/4:589 mm?>, H
do AR I AR (5 mm) 5 Lo AP A 0RE A i) F
EBAFIE S (30 mm). 28 [ IR IAR RS (1940 b4 2 EC At
J&°h 430 HV.



- 914 -

TRERLF2ER, 26 425, 5 7

1 IR 20C2NdA BIfREERY (FRHE5MER)

Table 1 Chemical composition of the tested steel 20Cr2Ni4A %

C Si Mn P S Cr Ni Al O N

0.15 0.29 0.45 0.016 0.007 1.44 3.37 0.027 0.0022 0.0070

1x45°
R
- > 08/ 5005 .
. [ =
P 3 2
60 [ i q S
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L 65+1 _‘

B 1 bR AR B RS (337 : mm)

Fig.1 Dimensions and shape of the tested tensile specimen (unit: mm)
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Fig.2  SEM fractographs of uncharged (a,b) and hydrogen-charged (c,d,e,f) 20Cr2Ni4A specimens at different current densities: (a,c,e) low
magnification of the fracture surfaces; (b,d,f) high magnification of the fracture surface and brittle circle platform regions; (c,d) 4 mA-cm>, 72 h; (e,f) 8

mA-cm >, 72 h
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Fig.3 SEM fractographs of a tensile specimen of 20Cr2Ni4A after hydrogen charging at 16 mA-cm current density for 72 h: (a,b) overall view; (c)

brittle circle platform regions and an inclusion in the center of a circle platform region; (d) EDX of the inclusion in (c); (e) the region within the circle
platform; (f) the region outside of the circle platform
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Fig.4 Size distribution of inclusions detected in the hydrogen-charged

tensile specimens
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#2 AREFEEANRMER TR RIY T (V5=589 mm®, N=10)
Table 2 Summary of the maximum inclusion size detected in each hydrogen-charged tensile specimen (V=589 mm?, N=10)

Sample No. T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 T-9 T-10

Maximum inclusion size /pm 11.96 20.21 23.75 14.09 14.71 20.12 15.65 18.80 16.18 17.55
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Fig.5 Estimation of SEV method of hydrogen-charged tensile

specimens
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Fig.6 Typical inclusion observed by metallographic method (a) and corresponding EDX of the inclusion (b)

F3 BHANSMEER RIS (V=153 mm’, N=15)

Table 3 Summary of the maximum inclusion detected in each metallographic specimen (¥,=1.53 mm®, N=15)

Sample No. M-1 M-2 M-3 M-4 M-5 M-6 M-7 M-8
Maximum inclusion size /pm 5.23 4.48 5.60 8.45 12.99 8.87 7.42 7.63
Sample No. M-9 M-10 M-11 M-12 M-13 M-14 M-15
Maximum inclusion size /pm 6.48 8.52 8.26 7.02 6.30 8.72 8.60
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Table 4 Summary of the inclusion size detected in fatigue failure origins (¥,=840 mm?®, N=11)
Sample No. F-1 F-2 F-3 F-4 F-5 F-6 F-7 F-8 F-9 F-10 F-11
Inclusion size /um 23.16 22.37 28.50 31.07 26.52 26.21 28.10 26.78 29.18 30.36 20.12
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Fig.8 Typical non-metallic inclusion at fracture origin of 20Cr2Ni4A obtained using the rotating bending fatigue test (a) and corresponding EDX of the

inclusion (b)
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Table 5 Estimated maximum inclusion size for different volumes of the tested steel
Maximum size of inclusion /pm
Method Volume,V,, / mm?®
/=100 mm’  V=10*mm’  V=10°mm’  V=10° mm’ V=5.02x10° mm’
Fatigue 840 23.05 32.74 40.21 47.57 52.72
Hydrogen embrittlement-tensile 589 16.00 25.26 33.29 41.25 46.81
Metallographic 1.53 18.50 22.69 26.88 31.07 34.01
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Fig.11 Relationship between the volume of 20Cr2Ni4A steel and the
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